Abstract. We studied the electric and magnetic field variations and their relation to the ambient plasma density observed from the Combined Release and Radiation Effects Satellite (CRRES) during two Pi2 events observed on the ground at the low-latitude (L = 1.2) station Kakioka. At the time of the Pi2s, CRRES was moving outward at L -5, magnetic local time (MLT) of-2200, and magnetic latitude of-4 ø. The satellite was in an apparently detached dense plasmaspheric plasma for the first Pi2 but in a low-density region for the second Pi2. The first Pi2 had a period of 120 s at Kakioka (MLT-2000), and the satellite observed a nearly identical oscillation in the (approximately) azimuthal component of the electric field and in the radial and compressional components of the magnetic field. At CRRES the compressional magnetic field and the azimuthal electric field oscillated nearly in quadrature in the decaying phase of the pulsation, which suggests a radially trapped fast mode wave. However, comparison of this observation with numerical models of the plasmaspheric cavity mode is difficult because the plasma density did not have a simple plasmapause structure. The second Pi2 observed at Kakioka exhibited a period of 180 s and was similar to the azimuthal electric field oscillation seen at CRRES but quite different from the compressional magnetic perturbation at the satellite. For this event it is not clear whether the electric field oscillation represents a fast mode wave that was direc0y related to the ground Pi2 or a local shear Alfv6n wave that was not directly related to the Pi2. If the first interpretation is the case, the midlatitude Pi2 is not necessarily confined within the plasmasphere by fast mode trapping or cavity resonance. These examples indicate that electric field oscillations measured by equatorial satellites are a sensitive and possibly better indicator of the onset of substorms and that if the plasma density measurements are also available, the electric field data can be useful for identifying the wave mode of Pi2 pulsations.
Introduction
Pi2 pulsations are low-frequency (period = 40-150 s) oscillations of the geomagnetic field. They are usually excited at the onset of a geomagnetic substorm and last for a few cycles. The term Pi2 has been used both for highly irregular auroral zone disturbances associated with the development of the auroral electrojet [Olson and Rostoker, 1975] and for midlatitude to low-latitude damped sinusoids that have been in wide use for timing the onset of substorms [e.g., Saito, 1969] . The subject of the present paper is the generation mechanism of the latter type of Pi2 pulsations.
Both ground-based [Yeoman and Orr, 1989] our case, Vg is essentially equal to the Alfv6n velocity VA because the observations are made in a low-J3 region [Moore et al., 1987] . It should be noted that there is some difficulty in applying the cavity mode model to Pi2 pulsations because the nightside magnetosphere does not have a radial reflecting boundary that is equivalent to the dayside magnetopause. Although numerical simulations assuming a rigid outer boundary on the nightside produce fairly realistic Pi2 pulsations [e.g., Pekrides et al., 1997], there appears to be little justification for assuming a rigid boundary on the nightside beyond the plasmapause. One way to overcome the difficulty with the outer boundary is to trap the wave energy in the plasmasphere, as illustrated in model b. Fast mode energy can be (at least partially) reflected at a sharp density gradient, and the plasmapause provides such a gradient. Itonaga et al. [1997a, b] presented detailed numerical analyses of the frequency and waveform of the cavity mode oscillations in a one-dimensional plasmasphere/magnetosphere system. They showed that a density gradient at the plasmapause provides wave reflection for establishing cavity modes and that perfect reflection at an outer boundary is not required for Pi2-type pulsations. Numerical simulations of the cavity mode with a plasmapause structure and a reflecting radial boundary (magnetopause) that is distant from the plasmapause suggested that some eigenmodes are, in fact, confined in the plasmasphere [Allan et al., 1986; Zhu and Kivelson, 1989; Fujita and Glassmeier, 1995; Pekrides et al., 1997] . In these studies, however, the relationship between the plasmaspheric mode and the more radially extended cavity mode was not fully investigated.
The eigenmodes localized in the plasmasphere can be best seen in the numerical simulation by Lee [1996] . In the frequency versus L spectrum of the compressional signals presented in Figure 8 of Lee [1996] , there is a band-limited spectral enhancement that is present only within the plasmasphere, in addition to the cavity modes whose power extends to the outer boundary. Lee [1998] made an analytical analysis of this plasmaspheric mode and showed that the spectral property of the mode can be explained by making an analogy to the potential barrier problem in quantum mechanics. In the case of Pi2, the Alfv6n velocity maximum associated with the plasmapause acts as a barrier for MHD disturbances coming from a distant source. Part of the wave energy can tunnel into the plasmasphere and establish virtual resonance. Lee [1998] indicates that the fundamental mode of the virtual resonance can have a frequency of-10 mHz. Finally, it is possible to produce a Pi2 signal without invoking cavity mode resonances or plasmaspheric virtual resonances. In model c, Pi2 originates in the outer magnetosphere and simply propagates inward. The period and duration of the pulsation are determined at the source, and the inner magnetosphere is merely a passive medium into which the signal propagates. This type of Pi2 generation has been proposed by Bauer et al. [1995] . In their scenario, the periodicity arises from the bounces of an Alfv6n wave between the neutral sheet and the auroral ionosphere.
A direct way of testing these models is to measure the E (electric) and B (magnetic) fields of Pi2 pulsations in situ along with the ambient plasma density. By examining the localization characteristics of the pulsation signal relative to the plasmapause, one can distinguish among the modes. For example, if a Pi2 signal is detected both inside and outside the plasmasphere, it implies that Pi2 is either a cavity mode extending beyond the plasmasphere (model a) or an oscillation driven by an external oscillator, model c. In contrast, if a Pi2 signal is detected only in the inner magnetosphere, model b is favored. In reality, the wave energy will partially tunnel though the plasmapause and the amplitude may not completely diminish on either side of the plasmapause. Therefore the experimental distinction between models a and b should be done by comparing the wave amplitudes across the plasmapause.
With spacecraft observations, in addition, we can determine whether the wave is propagating or standing by looking at the phase relation between the E and B fields and also by calculating the wave Poynting flux. This technique has been used for shear Alfv6n waves in the Pc3, 4, and 5 bands [Cummings et al., 1978; Singer and Kivelson, 1979; Cahill et al., 1986 ] and for fast mode waves in the Pc3 band [Takahashi et al., 1994] . To see how it works, consider Faraday's law
For a plane-propagating wave the time derivative can be replaced by -ito and the spatial derivative by ik, where to is the frequency and k is the wave vector. For a standing wave, the spatial derivative is a real operator. Therefore the orthogonal components of the E and B fields oscillate either in phase or 180 ø out of phase for a propagating wave, whereas they oscillate in quadrature for a standing wave. Poynting flux averaged over a wave period also indicates the direction of wave propagation.
Only recently was the relationship between the electric and magnetic fields in the plasmasphere reported for Pi2 pulsations, using data acquired by the Akebono satellite [Osaki et al., 1998 ]. The measurements were made off the equator at 24ø-40 ø magnetic latitude and well within the plasmasphere (L < 3.8). The Poynting flux associated with Pi2 propagated away from the equator and was apparently absorbed by the ionosphere. This result posed the question of whether the Q value of the plasmasphere is high enough to sustain detectable trapped fast mode oscillations.
Although the Akebono observations provided new insight into Pi2 propagation in the plasmasphere, the information available from the satellite was limited. Owing to its high orbital inclination (75ø), the Akebono measurements were made away from the equator and the equatorial compressional magnetic field perturbation [Takahashi et al., 1995] was not detected.
Thus discussion on the Pi2 wave mode was limited to transverse perturbation. Also, owing to the low apogee (2.6 Re geocentric), the Akebono observations were not suited for discussing the equatorial field variations outside the plasmapause.
The Combined
Release and Radiation Effects Satellite (CRRES) provided data that could supplement observations by high-inclination satellites such as Akebono. The satellite had a low-inclination orbit in contrast to Akebono, spent a long time in the plasmasphere, and was equipped with a magnetometer and an electric field experiment suitable for Pi2 pulsations and a plasma wave instrument that provided information on the background plasma density. In this paper we report a study of Pi2 band pulsations observed by CRRES on a single orbit at -4 ø magnetic latitude, L-5, and -2200 MLT. Although we do not arrive at a definite conclusion on the spatial mode structure of Pi2 pulsations, we conclude that the CRRES measurements are quite useful for relating pulsation signals to the ambient plasma condition. The organization of the paper is as follows. Section 2 describes satellite and ground experiments. Section 3 describes the data analysis. Section 4 discusses the possible theoretical interpretations of the data. Section 5 gives the conclusions. To learn more about the plasma structure, we examined the radial density profiles for three consecutive CRRES orbits centered on the Pi2 events. Density depletion similar to that observed during 1006-1048 UT on orbit 486 outbound was 1123 UT, and from 1123 to 1125 UT it was depressed by up to 20 nT, followed by a recovery that produced a bipolar magnetic field perturbation. From inspection of the unfiltered data shown in Figure 3 , the latter part of the bzMFA variation can be attributed to a local dipolarization. The difference in magnetic field variations between space and ground is significant. In space there is no magnetic field variation corresponding to the first two cycles of the ground Pi2 pulsation. Sergeev et al. [1998] noted an enhancement of proton fluxes with energy above 100 keV at the time of the bz•FA reduction and explained the field variation by a diamagnetic effect of the energetic ions. With this interpretation it is not surprising that the bzMFA reduction at CRRES and the Pi2 pulsation on the ground did not occur simultaneously and that their temporal profiles were not similar to each other. A diamagnetic perturbation is locally produced, and since this effect maintains the local total pressure constant, the magnetic field change will not propagate to the ground as a fast mode wave. Instead, the time delay between the Pi2 and the field reduction can be explained by assuming that injection occurred somewhere tailward of CRRES at the substorm onset (time = to) and that the region of the injected particle was convected earthward at the E x B drift velocity. Using CRRES and geostationary satellites, Reeves et al. [1996] found that the average earthward propagation velocity of a proton injection front is 24 km/s. The Pi2 on the ground must have been produced immediately after to, probably in one fast mode travel time from the injection region to the ground. the pseudobreakup. By this time, CRRES had exited from the dense plasma and observed an electric field disturbance, which contained power in the Pi2 band. The electric field oscillation had some similarity to the Pi2 observed at Kakioka. In contrast, the magnetic field perturbation at CRRES for this time interval was quite different from the pulsation on the ground.
Experiments and Data Set

Discussion
Although the two Pi2 pulsation events examined above are not sufficient for testing models for Pi2 pulsations, the unique cases allow us to make significant insight into the spatial structure and generation/propagation of Pi2 pulsations, primarily because the plasma density varied greatly between the two events.
We discuss whether or not the observations fit the models outlined in section 1.
The spacecraft exited from a dense plasma at -1118 UT, and this may be why the field signature was different at CRRES between the two Pi2 pulsations in Figures 5 and 8 . Figure 3 shows that the electron density changed by more than 1 order of magnitude between the two pulsation events presented. Accordingly, the Alfv6n velocity VA (-fast mode velocity) was -5 times larger for the second interval. Because the wave phase velocity is proportional to E/b, the magnetic field component of a fast mode wave outside the plasmasphere should be -5 times smaller than inside for the same electric field amplitude. The measured electric field amplitude was -4 times larger in the second event, so if the electric field was due to a fast mode wave, the magnetic field perturbation in the second event should be 4/5 (-1 nT) of that seen in the first event. However, Figure 8 shows that the magnetic field perturbation had an amplitude far exceeding 1 nT. We conclude that the magnetic field perturbation associated with a fast mode wave could easily be masked by other disturbances (i.e., diamagnetic effects of energetic particles), making it practically impossible to detect the Pi2 signal in the magnetic field.
Summary of Observations
The foregoing observations can be summarized as follows. 1. A clear Pi2 pulsation was detected by CRRES in a dense plasma in association with a magnetospheric disturbance, which has been identified to be a pseudobreakup [Sergeev et al. 1998 ]. The Pi2 pulsation was evident both in the electric field and magnetic field. The magnetic field was compressional with amplitude ordering of bxMFA = bzMFA > byMF A. The magnetic field polarization is consistent with previous observations by the AMPTE/CCE satellite near the magnetic equator [Takahashi et al., 1992 [Takahashi et al., , 1995 .
2. At the beginning of the Pi2, the Poynting flux was directed earthward and away from the equator. However, in the remaining part of the pulsation, the magnitude of the Poynting flux became small. The small flux was due to the near-quadrature relation between EyMGSE and bzMOS E. The first Pi2 was observed by CRRES in a narrow (0.5 Roe wide), detached plasma. This density enhancement produces a deep "well" structure in the Alfv6n velocity (see Figure 3) . The Alfv6n velocity is -1500 krn/s outside the well, whereas it is -300 krn/s inside if an all-proton plasma is assumed. The density structure could act as a fast mode resonator. Using (1), we estimate the fundamental period of the resonator to be -20 s, which is much shorter than the observed 120 s. It is possible to get a longer resonance period by assuming the presence of heavy ions. However, to match the observation requires the ion mass/charge ratio to be 36 times what was used above, and we consider this to be highly unlikely. Thus we do not consider that the Pi2 signal was produced by fast mode trapping in this narrow Alfv6n velocity structure. If fast mode trapping is responsible for the 120-s Pi2 event, then the inner reflection point must have occurred much earthward of L = 4.5, possibly near L= 2. In this case, the wave must have propagated through the region of high Alfv6n velocity from L = 3.2 to 4.5.
Another point to note is that CRRES bzMv^ and Kakioka X oscillated nearly 180 ø out of phase. This feature was reported in CCE and Kakioka observations when CCE was located at L > 3 [Takahashi et al., 1995] . When CCE was at L< 3, the ground satellite phase delay was near 0. If we adopt the view that the Pi2 are plasmaspheric cavity mode, then these observations imply that there was a node of bzMF^ somewhere near L = 3. If there was no detached plasma structure or plasma tail, the CRRES observation would imply that a node existed within the plasmasphere. However, with the detached plasma the node could exist either in a high-density plasma or in a low-density plasma.
It appears that quantitative understanding of Pi2 propagation requires numerical simulations incorporating realistic cold plasma distribution. Currently, numerical models of magnetospheric ULF waves use an azimuthally symmetric plasma geometry for the background plasma and magnetic field [e.g., Fujita and Glassmeier, 1995; Lee, 1996] . In reality, the plasma structure is asymmetric and this may have a strong effect on the properties of Pi2 pulsations. According to the statistical study by Chappell [1974] , detached plasmas are most frequently observed at dusk but sometimes can extend to midnight. We observed detached plasmas on two consecutive CRRES orbits 
Field Variations in the Low-Density Region
At CRRES there were magnetic and electric field disturbances at the time of the second Pi2 on the ground, but the magnetic field component was different from the ground Pi2, and it is not clear whether the electric field had a mode component that was directly related to the ground Pi2.
As for the absence of a Pi2 signal in the magnetic field, we argued that if a fast mode Pi2 signal was present outside the plasmasphere, it would produce barely detectable amplitude, because the high phase velocity reduces the E to b amplitude ratio. For the observed E field amplitude of the order of 2 mV/ m, the b field amplitude is expected be of the order of 1 nT, which is much lower than the magnitude of field changes attributed to an ion diamagnetic effect reported by Sergeev et al.
[1998].
The weak or missing magnetic field Pi2 in the low-density region can be why the occurrence probability of high-coherence ground satellite Pi2 events decreased rapidly for satellite L values greater than 4 as reported by Takahashi et al. [1995] . On average, L= 4 corresponds to the plasmapause, so it is likely that in the Takahashi et al. study the satellite was in a lowdensity region outside the plasmasphere when the field variations at the satellite produced low coherence with respect to low-latitude Pi2 on the ground.
The electric field, by contrast, exhibited a waveform closer to that of the ground Pi2 (see Figure 9) . Therefore there is a possibility that the electric field oscillation arises from the same oscillation mode as that observed in the high-density region. The electric field component tangential to a plasma boundary should not differ much across the boundary for longrange disturbances because the tangential electric field is continuous at the boundary. If the electric field in the low-density region indeed contains the true Pi2 component, then it implies that low-latitude to midlatitude Pi2 is not necessarily confined in the high-density region (i.e., the plasmasphere); that is, a simple plasmaspheric cavity mode is an oversimplification.
Another possibility is that the event had a mode intrinsically extended beyond the plasmapause, corresponding to model a or c illustrated in Figure 1 . If we adopt model a, then the observed period of 180 s is the eigenperiod of the global cavity mode. The advantage of this interpretation is that the period, which is longer than the 120-s period for the first event, can be attributed to a larger cavity size. The disadvantage is that there is no obvious density gradient beyond the plasmapause to form a reflecting boundary. If we adopt model c, the 180-s period is attributed to the oscillating source mechanism external to the plasmasphere. However, the presence of such a source remains speculative [Takahashi et al., 1992; Osaki et al., 1998 ].
An alternative source of the electric field disturbances observed after 1117 UT is shear Alfv6n waves. Because the Alfv6n wave does not propagate across the ambient magnetic field, if the electric field observed at CRRES during the second Pi2 is Alfv•nic, the similarity between the electric field and the ground Pi2 should be taken as coincidental rather than causal. Previous studies of satellite magnetometer data [Takahashi et al., 1988 [Takahashi et al., , 1996 Nosg et al., 1998 ] noted that transient Alfv6n waves can be excited on the nightside magnetosphere both inside and outside the plasmasphere and that the onset time of these standing Alfv•n waves is nearly simultaneous with Pi2 onset on the ground. The electric field fluctuations as a whole lasted much longer than the second Pi2 (see second panel of Figure 3 ), so Alfv•n waves appear to be responsible at least for the later portion of the electric field variations.
Conclusions
We have studied a sequence of electric and magnetic field oscillations observed by CRRES during a time period encompassing two Pi2 pulsations observed on the ground at a lowlatitude ground station. For the first Pi2 the satellite was in a dense plasma and observed an oscillation with a finite compressional magnetic component whose waveform matched the ground Pi2. These observations support the view that the midlatitude to low-latitude Pi2 pulsations are related to a fast mode oscillation in the plasmasphere. For the second event the satellite was in a low-density plasma and observed field variations not so similar to the Pi2 pulsation on the ground. In this event the magnetic field perturbations at CRRES were quite different from the ground Pi2. The perturbations were probably produced by a diamagnetic effect of energetic ions, explaining previous satellite observations at L > 4 of the lack of magnetic pulsations that match low-latitude to midlatitude ground Pi2 pulsations.
Although we have gained considerable insight into the relationship between field variations and the background plasma density, interpretation of the observation in terms of global Pi2 mode structure was somewhat limited owing to the radial plasma density profile that was more complicated than the classical structure with a single steep density gradient at the plasmapause. Since plasma density structures such as that found on the particular orbit are not rare, future theoretical modeling of Pi2 mode structure should incorporate multiple density gradients and examine how the properties of Pi2 might be changed from those for a simpler density structure.
